Abstract Numerical simulations of the Lighthill-Weis-Fogh mechanism are performed using a Fourier pseudo-spectral method with volume penalization. Single-winged and double-winged configurations are compared, and the vortex shedding patterns are related to the lift generated in both cases. The computations of the lift coefficient are validated against the results reported previously by Miller and Peskin (J Exp Biol 208:195-212, 2005).
We propose to consider Lighthill's two-dimensional model, but using instead viscous fluid dynamics to study how such an unsteady motion generates vorticity, circulation, and lift on the wings. Numerical solution of the Navier-Stokes equations gives us a an insight into both the vortex dynamics and the lift generation. In addition, we make a comparison of our results with those obtained by Miller and Peskin [3] using a different numerical method.
Fluid-structure interaction model
The fluid-structure interaction model used in this work is an extension of the one described in [4, 5] to the case of two symmetrically moving wings. We consider solid obstacles, e.g., wings, placed in a viscous incompressible fluid. The motion of the fluid is governed by the Navier-Stokes equations, completed with a no-slip condition at the solid-fluid interface and a suitable initial condition. The flow is two-dimensional, therefore we use the vorticity-stream function formulation of the equations. The no-slip boundary condition is modelled using the volume penalization method [6] . The wings are assumed to be slightly permeable, and the flow is governed by the penalized equation
where the penalization parameter η is a small number which controls the permeability of the obstacle. The equation is written for dimensionless parameters and variables. Units are chosen in order to set the dimensionless density ρ = 1. The vorticity ω η is unknown. The velocity is determined as a sum u η = ∇ ⊥ + U ∞ , with U ∞ being the free-stream velocity and being the stream function, satisfying
where ∇ ⊥ = (−∂ y , ∂ x ) stands for the orthogonal gradient of the stream function. The parameter ν is the kinematic viscosity. Equations (1) and (2) are valid in a computational domain A which incorporates both the solid wings A s and the fluid A f (see Fig. 1 ). Geometry and kinematics of the wings are given by the mask function
and the velocities of the wings u s (x, t) at each point. The penalized flow field converges towards the no-slip boundary flow field when the penalization parameter η tends to zero [6] . For the spatial discretization of (1) and (2) we use a classical Fourier pseudo-spectral method in a periodic domain A [7] . The vorticity field is dealiased at each time step using the 2/3 rule. The solution is advanced in An attractive feature of the volume penalization method is that it offers the possibility of moving solid obstacles while keeping unchanged the computational mesh. This motion implies changing in time the mask function χ(x, t). Translation of the obstacle in each direction is implemented by turning the phase of the corresponding Fourier coefficients, and rotation is decomposed into three skewing operations [5] .
The volume penalization method also enables us to compute the fluid forces acting on the wing via volume integration, which is convenient for numerical implementation:
where V c is the volume of the wing, andu c is the acceleration of its center of gravity (assuming that its density is uniform). The double-winged configuration has its left wing identical to the single-winged configuration, and its right wing symmetric with respect to the vertical. The hinge points coincide during the fling phase, such that initially there is no gap between the wings.
The surrounding fluid is initially at rest. Its dimensionless density is ρ = 1 and its dimensionless kinematic viscosity is ν = 0.05. These parameters yield dimensionless numbers which are in agreement with what can be observed in nature. Thus, the Reynolds number is Re fling = 80, when based on the chord and the maximum 
Results
Figure 3 (left) shows the vorticity plots of the double-winged configuration at three successive time instants. We observe that strong vortices are formed at the tips of the wings (leading edges), reflecting the fact that the air rushes in the opening. But during sweep these vortices form a pair which remains localized between the wings, generating a downward jet which is not observed for the single wing, see Fig. 3 (right) . Another important feature is that the trailing-edge vortices, formed when the wings separate, are of the same sign as the leading-edge vortices, in contrast to [3] , which followed a slightly different scenario. This increases the downward air flow through the opening gap, supporting Lighthill's idea of high lift generation, and showing how the circulation persists during the sweep phase. Figure 3 (right) presents vorticity plots for the single wing following the same protocol. Comparison with Fig. 3 (left) shows the importance of the topology change involved in sweep. Overall, the single-winged configuration exhibits a typical unsteady airfoil flow, which is radically different from the flow generated by the clap-fling-sweep mechanism where topology is changing. Figure 4 shows the time evolution of the lift coefficient produced by both configurations, c L = 2F L /ρ 2 c 3 , where F L is the lift force. Only the force acting on the left wing is shown for the double-winged configuration. The latter creates at least double the lift per wing during the fling motion. When the wing stops rotating the lift drops rapidly for both configurations, which is an added mass effect. The lift recovers after the transition and becomes higher again for the double-winged configuration than for the single-winged. At this stage the difference of the lift coefficient c L is approximately proportional to ( 2 − 1 )V , where 1 is the circulation around the wing and its free vortices for the single-winged configuration, 2 is the circulation corresponding to one wing of the double-winged configuration, and V is the velocity of the hinge. The positive c L supports the idea that the high circulation, created during the fling of the two wings, survives after the change of topology and results in an instantaneous lift. The strength and the sign of the separated vortices are, indeed, crucial for the lift generation at the beginning of sweep (cf. [2, 8] ).
The leading edge vortices, when they are near to the wing surface, increase the circulation and the lift. In case of the single-winged configuration this is counteracted by the upward flow past the trailing edge (see Fig. 5 , which shows a zoom on this region). The situation is different for the double-winged configuration, since the flow field in the neighbourhood of the hinge is due to the action of two mechanisms: (1) a downward jet of the two leading edge vortices, and (2) local low Reynolds number effects, since Re local = (r/c) 2 Re fling is tending to zero in the vicinity of the hinge, i.e. for vanishing radii r . The straight iso-vorticity lines radiating from the hinge point, which can be observed in Fig. 3 (left-top) , are characteristic for the low Re flow. Therefore local solutions of the Stokes equation derived in [9] are applicable. Both of the above mechanisms result in a negative pressure jump across the hinge, which acts to suppress the possible upflow through the opening between the wings during the initiation of sweep. A more precise analysis of this phenomenon, and especially the low Re effects, will be reported in another paper. 
Comparison with the results of Miller and Peskin
Numerical simulations of the Lighthill-Weis-Fogh mechanism were recently performed by Miller and Peskin [3] , who studied influence of the Reynolds number on the lift coefficient. They also compared the single and the double wings. However, they actually considered a so-called 'near' clap-fling, since the wings remained separated by a distance of 1/6 chord length (possibly due to restrictions of the numerical method). Therefore the downward jet between the separating wings is not present in their simulations. They also report a smaller increase in lift, compared to our result shown in Sect. 3.
For the purpose of validation we have applied the fluid-structure interaction code, presented in Sect. 2, to a similar configuration at Re = 128, with the same kinematic parameters as described in [3] . The wings are rectangular, their thickness to chord ratio is 1/32. Unlike in our previous simulations, the hinges are situated at the centerlines of the wings, and not at their corners. This is more consistent with the model of Miller and Peskin, which is based on the immersed boundary method.
The periodic domain size is L x × L y = 10 × 10, it is discretized with N x × N y = 2048 × 2048 grid points. The permeability parameter is η = 5 · 10 −4 . Five point smoothing of the mask function is applied. The result of this simulation is shown in a solid line in Fig. 6 . The lift coefficient is calculated as c L = 2F L /ρV 2 c, where V = 1.108 max c, max is the maximum angular velocity during fling. The reference curve is shown in dash-dot.
Time is shown as a fraction of the stroke τ/τ max . Both simulations predict qualitatively the same evolution of the lift coefficient. The discrepancy is of order 10% or less. It can be explained as follows: in [3] theoretically the wings are thin, and the gap (c/6) between them is the gap between their centerlines; however in practice the regularized delta function has a support of several grid cells, and the effective gap between the wings becomes smaller, yielding higher lift.
To check the influence of spacing between the wings, or in other words, the difference between the 'near' and the 'full' clap-fling, we also performed a computation with initially zero spacing between the hinge points. The result is shown in a dashed line in Fig. 6 , and it displays 15% higher lift peaks. Note the significant increase in lift during the initial portion of sweep, which is due to stronger vorticity generation in the preceding fling motion. However, the lift drops more rapidly as the wings move further apart.
Conclusions
A numerical method has been developed for simulations of solid obstacles moving through a viscous incompressible fluid. It is reasonably efficient, easy to implement and to use even when the topology of the obstacles is changing in time, as in the case of the clap-fling-sweep mechanism where the two wings break apart. The model has been validated against the results reported in [3] .
The Lighthill-Weis-Fogh clap-fling-sweep mechanism has been studied. Our numerical simulations confirm that the clap-fling-sweep mechanism enhances the lift, as a consequence of higher circulation round each wing. For the latter, flow in the neighbourhood of the hinge point is of major importance, and its more detailed analysis is envisaged.
